Low-temperature diffusion of Fe in Pt/ 56 Fe/ 57 Fe thin films (grown on MgO (100) substrate) was investigated between 703 K and 813 K using secondary neutral mass spectrometry. The activation energy of the effective interdiffusion coefficients, evaluated by the -centre-gradient‖ method, is 1.53±0.25 eV reflecting a strong contribution from grain boundaries. This is also supported by the observed deep penetrations of Pt into the 56 Fe layer, from which the grain boundary diffusion coefficients for Pt in Fe were also estimated and 1.45±0.25 eV activation energy was obtained. A simple model, including the effect of grain boundaries to the overall intermixing at the original sharp interfaces in nanocrystalline films, is developed. This predicts that at short annealing times the grain boundary diffusion dominates, and bulk diffusion coefficients can be determined only in long time limit. At intermediate annealing times, when the grain boundaries are saturated but the bulk diffusion is still negligible, there are no changes in the composition profiles.
Introduction
The knowledge of diffusion in nanostructures at low temperatures is very important for understanding their thermal stability and many materials properties [1, 2, 3] . Besides bulk diffusion, structural defects (triple junctions, grain boundaries or dislocations)as diffusion short circuits  can also provide important contribution to any material rearrangement like grain growth and structural relaxation. Thus, even if the considerations are restricted to pure materials, the mechanisms of grain growth, relaxation and defect annihilation at low temperatures can only be understood on the basis of the understanding of the role of these different contributions.
Furthermore, the minimum volume diffusion penetration length (equal to V 2 D t , where V D is the bulk diffusion coefficient and t is the annealing time), determined by classical (like radiotracer) methods is usually not less than 10-20 nm, which can be larger or in the same order of magnitude as the grain size. More recently publications on diffusion in isotope bi-or multilayered systems indicated that it is possible to investigate, with the use of sophisticated techniques like neutron reflectivity in isotope multilayers [4] or nuclear resonant scattering of synchrotron radiation [5] , diffusion intermixing even on bulk diffusion lengths in the order of 0.5-1 nm. At these penetration distances, in epitaxial structures or in stable nanostructures with grain sizes several times larger than the bulk penetration distance, it would be expected the grain boundary contributions can be excluded. This would mean that the effective diffusion coefficients correspond to bulk diffusion. As we will see below these investigations [4, 5] , although provided very interesting results, raised also questions related to the surprisingly low activation energy and time dependence of the effective diffusion coefficients. Thus, in this communication, on the basis of experiments carried out by depth profiling on 56 Fe/ 57 Fe thin films, we provide a simple model for the interpretation of the time dependence of the effective diffusion coefficients obtained at fixed temperatures.
Self-diffusion of iron in the bulk has been studied widely and there are reliable experimental data over a wide temperature range [6] [7] [8] [9] [10] [11] [12] . According to the selected data collection [13] , the activation energy, Q, is 2.92 eV in the 783-1017 K temperature range in the bulk Fe (α -phase).
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self-diffusion of Fe in
Pt(2 nm)/ 57 FePt (2 nm)/FePt(3 nm) 10 multilayers on (001) MgO substrate at low temperatures (773 K and 873 K) was studied. The annealing times were between 60 and 120 minutes and the Fe diffusivities were found in the range of 10 −22 -10 −24 m 2 s −1 . The activation energy was (1.65 ± 0.29) eV. Such a small value would suggest a significant contribution from grain boundary diffusion. However, in the discussion of Ref. 5 the authors argued, that real low temperature bulk diffusion was observed with a highly correlated mechanism in the chemically ordered FePt phase.
Nevertheless, as it was mentioned in the discussions, contributions from grain boundaries could not be fully excluded.
In addition, it was demonstrated in Ref. 4 that Fe self-diffusion can be investigated in 57 Fe(7 nm)/ nat Fe(3 nm) 15 multilayers at low temperatures using neutron reflectivity experiments.
Chakravarty et. al. [4] argued that they could diminish the grain boundary contributions since no significant grain growth during heat treatments was observed. It was concluded that, according to the Harrison's classification [17] , B-type diffusion regime was implemented in which both the bulk and grain-boundary diffusion contribute to the intermixing. Interestingly, a remarkable time dependence of the effective diffusivities was observed and after very long annealing times the diffusivities, obtained above 673 K, were in good agreement with those measured in the bulk of single crystals. On the other hand, the activation energy deduced from the data obtained at short (20 min) annealing times was about 1 eV. Chakravarty et. al. [4] concluded that due to the small bulk diffusion lengths ( 1 nm), the role of grain boundaries could be neglected and point defect annealing processes at around the initial interfaces can explain the observed time dependence of the effective diffusion coefficient.
Simultaneous determination of bulk and grain-boundary (GB) self-diffusion coefficients of
Fe in polycrystalline films has been described [18] in 56 Fe/ 57 Fe bilayers. The average film
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4 thicknesses were about 100 nm. The samples were annealed at 443 K and 463 K for 5 and 18 min in order to determine Fe self-diffusion. Calculations of the bulk, D v and grain-boundary, D gb selfdiffusion coefficients of iron were based on SIMS data: the values were D v~ 10 −21 m 2 s −1 and D gb ~ 10 −17 m 2 s −1 , respectively.
The above examples illustrate that the details on the contribution of different diffusion mechanisms to the overall intermixing are not well-understood in nanosystems if the bulk diffusion distance is in the order of 0.5-5 nm. In modern methods, based e.g. on neutron reflectivity in isotope multilayers 4 or nuclear resonant scattering of synchrotron radiation [5] it is possible to investigate diffusion intermixing even on bulk diffusion lengths in the order of 1 nm. On the other hand these, The role of oxidation in modifying diffusion in thin films has been discussed by several authors [23] [24] [25] , and on the basis of these works one can suppose that the enhanced diffusion along GBs of the 57 Fe/ 56 Fe layer may be due to the influence of the oxidation process of 57 Fe on the outer surface, which creates an additional driving force for diffusion.
Thus, the grain boundary diffusion and oxidation are two factors that can have a significant effect on the rate of the self-diffusion in thin films with nanometer dimensions and can lead to serious difficulties in the interpretation of data obtained. Our primary aim was to investigate Fe selfdiffusion in epitaxial thin films Pt/ 56 Fe/ 57 Fe on the (100) surface of MgO crystals. Epitaxially grown films were chosen since we wanted to diminish the effect of GBs. Furthermore, Pt cap layer was
deposited on the top surface in order to eliminate the oxidation process although an interaction between the Pt and Fe is expected since intermetallic phases can be formed. Thus the 56 Fe layer was selected to be much thicker than the 57 Fe layer. In the evaluation of the measured composition profiles after interdiffusion, the well-known 'centre-gradient'or the Hall-Morabito ‗middle of the gradient' -method [26, 27] was used.
Experimental details
The Pt/ 56 Fe/ 57 Fe on MgO(100) films were prepared as follows: 56 Fe and 57 Fe layers were sequentially deposited by molecular beam epitaxy and the upper layer of Pt was produced by magnetron sputtering. The vacuum in the chamber was 10 −8 Pa. For the preparation of the 56 Fe-rich and 57 Fe-rich films the following iron targets were used: i) target with natural abundance of 56 Fe (91.68 at%) and ii) target with 57 Fe (94.7 at%). Composition of the samples is presented in Table 1 .
The composition of 57 Fe was determined by mass spectrometry method.
To confirm the epitaxial growth of the layers, the structure was investigated by X-ray diffraction using a Bruker D8 diffractometer with Cu Kα radiation. Diffraction data were collected using a θ-2θ scan mode. The results are given in Fig. 1 . These data show that only the (200) peaks of Fe are present indicating that the film has a texture with orientation perpendicular to the substrate surface. The structure was also investigated by X-ray diffraction in a grazing incidence geometry using a Siemens D5000 diffractometer with Cu Kα radiation. A parallel beam was provided by an Xray mirror. Diffraction data were collected with a constant angle of the incident beam, 3°, using a 2θ scan mode. These data show, as expected, one peak of Fe for the (200) spacing when the substrate is appropriately oriented. The data, collected for different orientations, indicate the good quality of the film with the expected orientation.
The thicknesses of the layers were determined by X-ray reflection ( The annealing time was 900 s at each temperature to allow comparison with the results of Chakravarty [4] and Vasylyev [18] . During this time, the diffusion became observable at 773 K and complete intermixing was found at 873 K. Two additional temperatures (813 K and 843 K), were selected in order to determine the activation energy.
Results
Experimental data obtained from the SNMS depth profiles, i.e. the composition versus sputtering time curves, are shown in Fig. 3 . It can be seen that after heat treatments both iron isotopes have been segregated on the free surface of Pt. Furthermore, with increasing temperature the intermixing between the Pt and 56 Fe becomes more obvious at the place of the intial Pt layer.
The high average composition of Fe in the centre of Pt layer, as seen in Fig. 3 (e), corresponds to the 1:3 Fe/Pt ratio. Note that not only the 56 Fe penetrates into the Pt layer, but the 57 Fe penetration is
also clearly visible. At the same time the Pt also penetrates into the 56 Fe layer. The Pt concentration gradually decreases from the Pt/ 56 Fe interface indicating that during the applied heat treatments the 56 Fe layer was thick enough not to be saturated by Pt leading to negligible penetration of Pt into the 57 Felayer.
It can also be seen in Fig. 3 that, with increasing temperature, there is an increasing intermixing between the isotope layers and the slope of the composition profile became less steep.
At 873 K 57 Fe and 56 Fe atoms are homogeneously distributed throughout the entire thickness of the system. Interestingly the highest Pt concentration of about 20 at.% was observed just below the near surface region.
The effective Fe interdiffusion coefficient, D, describing the intermixing between the two layers at short annealing times, can be determined from the composition profiles obtained at the 56 Fe/ 57 Fe interface by the so-called Hall-Morabito [26, 27] or -centre-gradient‖ [29] method. This method takes into account the initial broadening of the profile of the as-deposited sample. This widening of the initial profile can be explained by different reasons: i) roughness of the initial interface, ii) intermixing already during the deposition process, iii) instrumental effects. Thus, the composition profile obtained after heat treatments can be considered as the convolution of the initial profile and the profile created by the diffusional intermixing process itself [29] . If the intermixing is described by only one composition independent effective diffusion coefficient, then the composition profile (arising from the diffusional intermixing) has the form of a complementary error function as
where c 0 is the initial concentration at the interface, x is the distance from this interface and t is the annealing time. As it was discussed by Hall and Morabito [25] if the initial (in our case mainly
instrumental) broadening of the profile can also be described approximately by an erfc function near the interface, than the interdiffusion coefficient can be calculated from the following formula:
where The values of the effective self-diffusion coefficients for Fe atoms, calculated from eq. (2), are shown in Table 2 and in Fig. 4 . It should be noted, that the presence of Pt at the Fe GBs (see later) means, that the contribution of GB diffusion to the overall intermixing is not pure Fe GB diffusion in pure Fe but Fe GB diffusion along Pt containing Fe GBs. However, as it is shown later the Fe self-diffusion along GBs is approximately equal to the GB diffusion of Pt in Fe, thus we assumed that practically the Fe self-diffusion was measured. The uncertainty of the diffusivities has been approximated from the uncertainty of the concentration gradients. A linear dependence is seen in the Arrhenius plot, with (1.53±0.25) eV activation energy. The values for the diffusion coefficients lie in the range between data for the bulk diffusion in single crystals [6, 8, 9] and grain boundary diffusion in polycrystalline α-Fe [11] . This is a strong indication that, although we intended to produce epitaxial films free of grain boundaries, there should exists some short circuits 
formed too (see Fig. 5 ). This explains why we obtained a significant penetration of Pt into the Fe layer: indeed this should be explained by GB diffusion of Pt into the Fe. Plotting the logarithm of the Pt composition versus x 2 , if we are in the C-type regime of grain boundary diffusion (i.e. when the atomic transport is restricted to GBs and bulk diffusion penetrations are negligible), straight line should be obtained [31] . From the slopes of these plots the Pt grain boundary diffusion coefficients can be estimated ( Fig. 6) . Their values are also included in Table 2 .
It is important to note that in Fig In the B-type regime both the GB and bulk diffusion contribute to the diffusion and from this the GB triple product, gb D s  can be determined (s is the segregation factor), if V D is known [31] . Between the two regimes there is a (several orders of magnitude) wide transition regime in the annealing time. Both the GB diffusion coefficients, D gb , and triple products, determined from this transition regime, contain systematic errors. According to Szabo et. al. [32] (see Fig. 1 in Ref. 32) these errors are the function of the s/2(D V ) parameter. Assuming that the segregation coefficient of Pt is unity, at /2(D V t)0.3, corresponding to the value of  belonging to 843 K, the grain boundary diffusion coefficient is underestimated by a factor of 2. At 813 K (α0.94) and 773 K (α6) this correction factor is about 1.7 and 1.1 respectively (shown in the last column of Table 2 .).
Using these corrections the Arrhenius plot gives (1.45±0.25) eV activation energy (see the corrected values in Table 2 . as well as Fig.4 ).
Finally it is worth mentioning the formation of the near surface intermixed region (with approximate composition of FePt 3 : see Fig. 3 (e)), in the place of the original Pt layer instead at the original Pt/ 56 Fe interface. The formation of this inside the original Pt layer can be interpreted by the so-called grain boundary diffusion induced solid state reaction [33] . Furthermore, the observed minimum of the 56 Fe composition in Fig. 3 (e) can be interpreted as rapid segregation of iron at the free surface: the saturation of the surface layer and the fast grain boundary diffusion initiate the formation of the new phase in the near surface region.
Discussion
The structure of our films is similar to the structure of the isotope multilayer used in Ref. 4, where columnar grains of about 10 to 20 nm diameter were observed. The only small difference was that in their case no significant texture was present, while in our case the film was strongly textured in the (200) direction being perpendicular to the substrate surface. This is why we Thus, we conclude that the Pt penetration profiles provide direct evidence that there is also a considerable simultaneous transport along GBs. The GBs can have also a time dependent influence on the effective diffusivities obtained by techniques sensitive to the change of the slope of the composition profiles at the position of the initial interface. These techniques are e.g. the neutron reflectivity [4] , nuclear resonant scattering of synchrotron radiation [5] or SNMS used by us (via the centre-gradient method) for measuring Fe self-diffusion.
In order to make the above conclusions more solid, let us consider a qualitative model of parallel grain-boundaries, perpendicular to the original interface with spacing of a few nanometers ( Fig. 7) . It is expected that the material present in the GBs can also have a detectable contribution to the slope of the average concentration profile at the position of the initial interface, if the grain boundary fraction is larger than 5-10 %. In addition, this contribution can be time dependent because at different annealing times the ratio of the areas filled by direct bulk as well as grain boundary diffusion can change (Fig.8) . Accordingly, the effective diffusion coefficient can have penetrations. Thus in this stage there will be practically no changes with increasing annealing time in the slope of the composition, averaged over the planes parallel with the initial interface. Finally at longer annealing times, when the bulk penetration distance is larger than the grain boundary width, , the bulk diffusion will be the dominating mechanism determining the slope (Stage III in Fig.8 ).
Obviously this picture can be refined according to the more complex defect structure of interfaces.
For example, the presence of a dislocation network, perpendicular to interface can additionally be taken into account supposing an intermediate diffusivity between that in the bulk and that in GBs.
Nevertheless, the qualitative picture remains the same.
In order to confirm the above qualitative conclusions we have carried out model calculations on the change of the slope of the composition profiles as a function of annealing time. We supposed a nanocrystalline A/B bilayer film (shown schematically in Fig. 7) with regularly spaced GBs. The GBs were separated by the distance L and they were perpendicular to the plane of the film and to the interface as well. It was supposed that in the individual thin films both the volume and grain boundary diffusion coefficients were concentration independent and the corresponding coefficients were the same in both layers. This last assumption is indeed fulfilled in our samples for Fe diffusion.
The GBs are considered as 3D slabs (slab width =0.5 nm), their depth is determined by the sample lateral dimension in direction z, (perpendicular to x-y plane in the Fig. 7 ). In the following calculations this dimension can be chosen arbitrarily, we take this distance to be unity. During mixing the following diffusion processes take place in B-side: i) volume diffusion along xdirection: A atoms enter directly from the interface into the grains of the B layer by volume diffusion; ii) GB diffusion along x-axis: by means of grain boundary transport A atoms fill the GBs of the B film; iii) volume diffusion of A atoms from the GBs into the bulk along the y-axis: GBs become a source of A atoms.
The concentration evolution obeys the following equations:
The eq.(3a) describes the volume diffusion in the grain, the eq.(3b) gives the time evolution of the concentration in the boundary slab [31, 34] . Because of the regularly spaced GBs, the diffusion problem should be solved for the unit cell, (unit cell dimensions:
shown as the shaded area in the Fig. 7 . The chosen unit cell composed of a half-grain (L/2×H) and a ‗half' grain boundary, is an appropriate one because the grain boundaries are symmetrical sources of material, i.e. the concentration profiles in the neighbouring grains should have a mirror symmetry ( Fig. 8, stage III) . It is worth to mention that in the model calculations it has no influence whether the GBs are continuous along the whole thickness or not, because of the unit cell for the calculation (shaded area on Fig. 7) .
The following initial and boundary conditions were applied: initially the layers were mutually free from the atoms of the other layers. At the interface,
a constant concentration, c=0.5 was maintained. At the topmost surface and at the substrate/film interface we supposed zero flux conditions:
The plane in the middle of a grain (parallel to the GB slab at y=L/2) should be the mirror plane of the concentration distribution, and here the concentration should have a minimum, i.e. the zero flux condition can be assumed here as well:
The partial differential equation system can be solved by the method of finite differences, using explicit [35] or the alternating direction implicit [34] (ADI) schemes.
In the present calculations we used a two-dimensional grid, covering the unit cell, the grid size in both x and y directions, was 2 /
. The following input parameters were used: the volume diffusion coefficient, (D V =1×10 -26 m 2 s -1 ), the grain boundary diffusion coefficient (D gb =1×10 -19 m 2 s -1 ), the grain size, (L=5 nm) and the thickness of the layers (H=10 nm).
Since experimentally usually the average concentration versus depth profiles can be mapped, the calculated concentrations in the grid points ) , , there is an intensive grain boundary diffusion (where the upper limit was obtained from the GB penetration equal to H: H=2(D gb t) 1/2 ), causing a time dependent initial slope at the original interface (see also GBs become saturated, because of the boundary conditions specified at H(eq. (4).
ii) stage II: in the time interval determined by the relation v gb
, the average concentration profiles remains practically unchanged, since the grain boundary concentrations are constant, the concentrations in the grain, even in the first section (at x=0.5 nm) remains very small because of the negligible volume diffusion. Therefore the average concentration in a section will be determined by the concentration in the GBs (see Table 3 ., at t=510 3 -110 5 s). Supposing 5-10 % GB fraction, the average concentration is well detectable experimentally.
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ACCEPTED MANUSCRIPT 15 iii) stage III: if v D t 2 2   is fulfilled, the concentrations inside the grain grid points become comparable with the concentrations in the GBs, so the average concentration in the sections is determined by the volume diffusion (see Table 3 ., at t110 5 s).
Essentially, in the above classification the stage I and stage II correspond to the Harrison's C-regime, the stage III corresponds to the B kinetic regime.
The maximum bulk penetration length in our case was less than 2 nm (Table 3 .); i.e. the finite thickness of the film (reflection from the outer surfaces) has no effect on the slopes. Therefore the thickness of the film would play a role only if the bulk penetration length is comparable to H i.e.
at small values of H, comparable with the bulk penetration length (<2 nm).
In order to demonstrate the effect of the non-ideal depth resolution of the experimental profiling techniques, we additionally smoothed the calculated concentration data using a 5-point moving average procedure ( Fig. 9(b) and Table 3 .). This averaging procedure takes place along the x-axis and it smoothes the data by replacing each data point with the average of the 5 neighbouring points. The slopes of such -smoothed‖ profiles at the interface become smaller; consequently, the evaluated diffusion coefficients are higher, indicating that the evaluated diffusion coefficients may also depend on the experimental method. Thus Fig. 9a and 9b represent curves provided by a device with ‗ideal' as well as with ‗real' (smoothed) depth resolution, respectively. In stage I, until the condition 2×√D V t<< is fulfilled (C-type kinetic regime), the gradual saturation of GBs takes place.
The diffusion coefficients were evaluated from the slopes of the ‗ideal' as well as ‗real' profiles, using Eq. 2 and supposing a step-like initial profile 0 2 0   G , i.e. the D=(1/G 2 )(1/4t) relation was used for the calculation of the apparent diffusion coefficients (denoted in Table 3 . as D id , D real , respectively). It can be seen from Table 3 . that the deduced coefficients at short annealing times have almost the same orders of magnitude as the input GB diffusion coefficient. Having increased the bulk penetration depth, (moving to the B-type kinetic regime) the apparent diffusion coefficients In order to separate the competing effects we can also treat the profiles as a result of a twostep annealing process. The first step is characterized by the parameters t 1 , G 1 , (parameters of the previous ‗parent' profile) and the second step with t 2 , G 2 parameters (parameters of the actual profile). On the basis of Eq. (2) the diffusion coefficients can be evaluated from the slopes calculated at x=0, applying the above multistep annealing procedure:
In Table 3 . the values of D' real , were calculated from the smoothed profiles (shown in Fig.   9b ), using Eq. (5) .
The time dependence of the D' (Fig. 10) shows that in real experiments one can get reliable volume diffusion data only if the condition
is strictly fulfilled. On the other hand, if we use Eq. (5) to evaluate the diffusivity from the smoothed profiles ( Fig.9b ), we can even underestimate the diffusion coefficients, since there could exist a certain annealing time interval in which there is no change in the slope, resulting near zero value for D' real (see the last column in Table 3 . at 5×10 5 s time). This corresponds to the situation when the composition distribution in the GB's became practically homogeneous but still there was no penetration to the bulk.
In order to check that the time dependence of the diffusion coefficient indeed behaves similarly as predicted from the above model we applied an additional heat treatment on the sample annealed at 773 K. After 9000 s it was obtained that the diffusion coefficient was about one and half order of magnitude lower (8.61×10 -23 m 2 s -1 ) than the value shown in Table 2 . for this temperature.
The point corresponding to this value is also shown in Fig. 4 . Thus the above value is in good agreement with the model presented above and also correlates with the results obtained by Chakravarty et. al. [4] .
As a general conclusion we observe that special attention is needed in these studies if one is to draw unequivocal conclusions as to the reasons for the low activation energies obtained for diffusion. We do not dispute that effects mentioned in the interpretation of the results of previous works [4, 5] (i.e. the grain boundary transport can be neglected, mechanisms of point defect annihilation at the interface [4] or special strongly correlated diffusion [5] ), are present. However our results indicate that the presence of rapid diffusion paths in nanofilmssuch as triple junctions, grain boundaries or dislocationsis very important in experiments with very short annealing times and corresponding small diffusion lengths. Care is necessary to separate these effects from other contributions to bulk diffusion or defect relaxation.
Conclusions
Self-diffusion of Fe in thin films of Pt/ 56 Fe/ 57 Fe grown on MgO (100) was studied. Effective self-diffusion coefficients for Fe were determined in the temperature range703 K to 813 K with an activation energy 1.54±0.25 eV.
Deep penetration of the Pt into the 56 Fe layer was also observed, which indicated the occurrence of GB diffusion. The grain boundary diffusion coefficients of Pt were also determined in the above temperature range and an activation energy of 1.450.25 eV was deduced from the Pt concentration profiles.
Since in our samples columnar grains of about 10-30 nm diameter were observed we interpreted our results for Pt diffusion as diffusion along tilt grain boundaries.
The results demonstrate that the presence of grain boundaries has an influence on intermixing caused by the Fe self-diffusion-since the activation energy of it was very close to the value obtained for Pt grain boundary diffusion. Model calculations illustrate that in nanostructured thin film diffusion couples the initial decrease of the sharpness of composition profile can be controlled by grain boundary diffusion and only at much longer annealing timeswhen the composition profiles in the grain boundaries have been already almost fully homogenizedthe bulk
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18 diffusion controls the intermixing. Thus our results indicate that the presence of rapid diffusion paths in nanofilms is very important in experiments with very short annealing times and corresponding small diffusion lengths. Care is necessary to separate these effects from other contributions to bulk diffusion or defect relaxation. Fig.7 (see also the text).
Figure captions
FIG. 9. Time evolution of the concentration calculated numerically in a nanocrystalline bilayer film
in the region of -5 nm<0<5 nm; as for the input parameters see the text. The concentration as a function of the distance measured from the interface is plotted in (a) for the ideal case. In order to simulate the finite depth resolution of an experimental method, the profiles were also smoothed using a 5-point moving average procedure in (b). The annealing times are shown in the inset, as for the slopes and diffusion coefficients, see also Table III. FIG. 10. Time dependence of the effective diffusion coefficients calculated from the profiles shown in Fig. 9 and given in Table III (D ideal -determined from the calculated profiles in Fig. 9a , D realdetermined from the smoothed profile (9b) and D' real -calculated from the smoothed profile using equation (5)). The corresponding time intervals of Stages I-III (see Fig. 8 ) are also indicated. (second values for Pt diffusion coefficients were obtained after corrections: see the text). Table 3 . The diffusion parameters evaluated from the calculated profiles shown in Fig. 9 . The parameter G is the initial slope of the profiles in the neighbourhood of the interface, D id as well as D real are the apparent diffusion coefficients, without ( Fig. 9a ) and with averaging ( Fig. 9b ), while D' real were obtained from eq. 5: see also the text. (Input parameters: D V =1×10 -26 m 2 s -1 , D gb =1×10 -19 m 2 s -1 , =0.5 nm, L=5 nm, H=10 nm) 
